Marine group I Crenarchaeota (MGI) represents a ubiquitous and numerically predominant microbial population in marine environments. An understanding of the spatial dynamics of MGI and its controlling mechanisms is essential for an understanding of the role of MGI in energy and element cycling in the ocean. In the present study, we investigated the diversity and abundance of MGI in the East China Sea (ECS) by analysis of crenarchaeal 16S rRNA gene, the ammonia monooxygenase gene amoA, and the biotin carboxylase gene accA. Quantitative PCR analyses revealed that these genes were higher in abundance in the mesopelagic than in the euphotic zone. In addition, the crenarchaeal amoA gene was positively correlated with the copy number of the MGI 16S rRNA gene, suggesting that most of the MGI in the ECS are nitrifiers. Furthermore, the ratios of crenarchaeal accA to amoA or to MGI 16S rRNA genes increased from the euphotic to the mesopelagic zone, suggesting that the role of MGI in carbon cycling may change from the epipelagic to the mesopelagic zones. Denaturing gradient gel electrophoretic profiling of the 16S rRNA genes revealed depth partitioning in MGI community structures. Clone libraries of the crenarchaeal amoA and accA genes showed both "shallow" and "deep" groups, and their relative abundances varied in the water column. Ecotype simulation analysis revealed that MGI in the upper ocean could diverge into special ecotypes associated with depth to adapt to the light gradient across the water column. Overall, our results showed niche partitioning of the MGI population and suggested a shift in their ecological functions between the euphotic and mesopelagic zones of the ECS.
Microbes are the most abundant and diverse life forms in oceans and play a critical role in energy flux and element cycling (14, 28) . Determining the structure of marine microbial communities and their spatial and temporal variation is an essential step in an understanding of the role of microbes in the functioning of ecosystems (55) . The application of molecular technology has led to great advances in microbial oceanography (14) . On the horizontal dimension, marine microorganisms have been shown to have biogeographic distribution patterns like those of macroorganisms (39) . Depth is considered a predominant factor in structuring of microbial communities across the oceanic water column, since the major physical and chemical gradients (e.g., light, temperature, pressure, nutrients, and organic matter) are apparent on the vertical scale (12) . Numerous studies show the depth-stratified niche adaptation of marine bacteria, either at the population level (7) or at the community level (12) .
Marine group I Crenarchaeota (MGI), one of the major phylogenetic groups of pelagic archaea, were first discovered by using 16S rRNA gene-based molecular methods (11, 15) . A number of studies showed that MGI forms one of the most abundant populations of marine microorganisms: it is estimated that there are 1.3 ϫ 10 28 to 2.7 ϫ 10 28 MGI cells, representing up to 40% of the total prokaryotic biomass in the dark ocean (31, 49) . Phylogenetic and genomic studies revealed that MGI together with mesophilic Crenarchaeota in soil environments likely form a third archaeal phylum, the Thaumarchaeota (6, 51) . Recent observations of the crenarchaeal amoA gene, encoding ammonia monooxygenase subunit A, in marine (56) and soil (54) metagenomics and the isolation of the marine crenarchaeon "Candidatus Nitrosopumilus maritimus" (32) imply that most mesophilic Crenarchaeota have the ability to oxidize ammonia to nitrite, which was previously thought to be achieved only by ammonia-oxidizing bacteria (AOB) (34) . Meanwhile, a novel mechanism of autotrophic carbon fixation, the 3-hydroxypropionate/4-hydroxybutyrate pathway, was identified in the genomes of "Candidatus Nitrosopumilus maritimus" and "Candidatus Cenarchaeum symbiosum" (20, 57) . The acc gene, encoding acetyl coenzyme A (acetyl-CoA) carboxylase, one of the key enzymes in that pathway, and the amoA gene are used as phylogenetic markers to mirror the ecological function of MGI (5, 13, 25, 59, 60) .
Previous investigations showed that the MGI population seems to be rather similar on the horizontal scale in the world's oceans (25, 35, 40) , except where different water masses meet (1, 16, 30) . Vertically, however, two distinct phylogenetic groups of MGI (MGI-␣ and MGI-␥), based on analyses of 16S rRNA genes, predominated in shallow and deep waters, respectively (3, 40) . Additional evidence for depth-stratified phylogeny within MGI has also been observed by using the crenarchaeal 16S rRNA gene internal transcribed spacer region (18) and the amoA (5, 21, 48) and accA (25, 60) genes. The concordant depth-stratified phylogeny suggests that MGI populations have evolved into different ecotypes to adapt to specific habitats (niches) according to different environmental factors or resources (60) .
Some studies suggested that the depth-related phylogeny of MGI may be due to photoinhibition-resistant adaptations (8, 42) . Assuming this to be true, we hypothesized that (i) MGI might have a restricted distribution pattern (niche partitioning) across the water column due to the influence of light or other continuous environmental gradients and (ii) evolutionary divergence among MGI ecotypes can be observed since niche partitioning might contribute to restricted gene flow during their evolution (44a) . To test these hypotheses, we investigated the vertical distribution of the abundance and diversity of MGI in the euphotic and upper mesopelagic zones at two stations along the Kuroshio Current using multiphasic molecular methods, including denaturing gradient gel electrophoresis (DGGE), clone libraries, quantitative PCR (qPCR), and ecotype simulation analysis. Our results showed that MGI in the upper ocean diverged into special ecotypes associated with depth in order to adapt to the light gradient in the water column.
MATERIALS AND METHODS
Sampling stations and environmental conditions. The East China Sea (ECS), located in the Northwest Pacific Ocean, is the largest continental shelf sea in the temperate zone. The Kuroshio Current going along the ECS shelf edge originates from the West Pacific warm pool and is characterized by high temperature and high salinity (29) (Fig. 1) . Two sites along the shelf slope of the ECS on the west side of the Kuroshio Current were selected for the present study: station 712 (27.44°N, 126.14°E) and station 608 (30.33°N, 128.62°E) (Fig. 1) . Station 712 is located by the main stream of the Kuroshio Current, while station 608 is situated near a branch of the Kuroshio Current. With similar water depths, both beyond 500 m, but different environmental conditions (please see below for detailed results), these two stations provided an opportunity for comparative studies of microbial dynamics along both geographic and vertical environmental dimensions.
Water samples were collected on board the RV Dongfanghong #2 between 5 and 12 November 2007. A SeaBird SBE 9/11 Plus conductivity-temperaturedepth (CTD) system fitted with a rosette sampler was used to measure temperature and salinity and to collect water samples. The potential density ( t ) was calculated based on the equation for the state of seawater as proposed previously (41) . The mixed-layer depths (MLDs) were estimated by using the t values. The euphotic zone depth of these two stations was derived from the monthly mean Aqua-MODIS euphotic depth [Lee] data set (34a) in the corresponding months (http://oceancolor.gsfc.nasa.gov/cgi/l3). Water samples were collected at 10 intervals in the euphotic and upper mesopelagic zones (0 to 400 m) for each station (Table 1) . Subsamples (2 to 3 liters) were prefiltered through a 20-m mesh (Millipore, Billerica, MA) and subsequently filtered onto 0.2-m-pore-size polycarbonate filters (Millipore) at a pressure of Ͻ0.03 MPa. The filters were immediately frozen and stored at Ϫ80°C until further analysis.
Environmental DNA extraction. Microbial community DNA was extracted by using the UltraClean Soil DNA kit (MoBio, San Diego, CA) as described elsewhere previously (26) . DNA integrity and size were checked in a 0.8% agarose gel stained with SYBR green I (Molecular Probes, Eugene, OR), and the concentrations were quantified in duplicate by using a FlexStation 3 instrument (Molecular Devices, Sunnyvale, CA) with a Quant-iT dsDNA HS assay kit (Molecular Probes). A standard curve was generated by using known amounts of lambda DNA (Molecular Probes). qPCR analysis. qPCR was performed on an ABI Prism 7500 system (Applied Biosystems, Foster City, CA) with the primers listed in Table S1 in the supplemental material. Plasmids carrying the respective 16S rRNA or functional gene fragments (archaeal and MGI 16S rRNA genes, crenarchaeal amoA and accA genes, and ␤-AOB amoA genes) as an insert were constructed (25) . The concentrations of plasmid DNAs were determined by using a Quant-iT dsDNA HS The abundances of the 16S rRNA genes of the archaea and MGI and the functional genes of the Crenarchaeota (amoA and accA) and ␤-AOB (amoA) in all samples were measured in triplicate for each sample. For the quantification of 16S rRNA genes, a 20-l reaction mixture consisting of 10 l of SYBR GreenER-qPCR SuperMix Universal (Molecular Probes), 50 nM ROX dye, and 5 g bovine serum albumin (BSA) plus 0.4 M primers and 1 l of template (1 to 10 ng) was used. For the quantification of the functional genes, the following reaction mixture was used: 10 l of SYBR Premix Ex Taq (TaKaRa, Dalian, China), 50 nM ROX dye, 5 g BSA, 0.4 M primers, and 1 l template DNA of 1 to 10 ng in a final volume of 20 l. The specificity of qPCRs was confirmed by using melting curve analysis and agarose gel electrophoresis after amplification. The thermocycling parameters and efficiency of the qPCRs are described in Table S2 in the supplemental material.
T-RFLP analysis of bacterial 16S rRNA genes. Bacterial community structures were analyzed by using terminal restriction fragment length polymorphism (T-RFLP) analysis for PCR amplification with primer pair 27F/926R, with primer 27F labeled by 6-carboxyfluorescein phosphoramidite at the 5Ј end. The PCR conditions and chemistry were described elsewhere previously (62) . Briefly, 1 to 10 ng of the extracted DNA was added as a template in a 50-l PCR mixture. Purified PCR products were digested with RsaI (TaKaRa) at 37°C for 12 h. Digested products were recovered in a final volume of 20 l of Mill-Q water using ethanol precipitation. Purified products (10 l) were mixed with 0.5 l of the internal ET ROX-900 size standard (Amersham Bioscience) and then detected by using a MegaBACE genetic analyzer (Amersham) operated in genotyping mode (62) . The T-RFLP data were exported by using MegaBACE Genetic Profiler software and were processed with T-REX software for filtering out noise, aligning terminal restriction fragments (T-RFs), and constructing a data matrix (9) . The obtained matrix was further imported into PAST v1.92 (23) to perform the cluster analysis with both Sorensen and Bray-Curtis algorithms. T-RFs of Ͻ50 bp or contributing Ͻ0.5% to the total fluorescence signal were excluded from the analysis. DGGE analysis of crenarchaeal 16S rRNA genes. Crenarchaeal 16S rRNA gene fragments were amplified by employing a nested PCR strategy as described previously (44) . Briefly, crenarchaeal 16S rRNA gene fragments were amplified by using primer 21F (11) and modified primer 1492R (44) in the first round and primers 771F (45) and GI_956R (42) in the second round, with primer GI_956R containing a 40-bp GC clamp. DGGE was performed by using a Bio-Rad DCode universal mutation detection system (Bio-Rad, Hercules, CA) according to the manufacturer's instructions. The PCR products of the crenarchaeal 16S rRNA gene were applied onto 8% (wt/vol) gels in 1ϫ Tris-acetate-EDTA (TAE) buffer with a denaturing gradient of 30 to 55% denaturant (100% denaturing solution containing 40% formamide and 7 M urea). Electrophoresis was performed at a constant temperature of 60°C and at 75 V for 16 h. The DGGE images, stained with SYBR green I (Molecular Probes), were captured and analyzed by using GeneSnap and GeneTools software (SynGene-Synoptics, Cambridge, United Kingdom).
Crenarchaeal amoA and accA gene clone library analyses. Clone libraries were constructed for the crenarchaeal amoA genes targeting ammonia monooxygenase subunit A and for the crenarchaeal accA genes targeting acetyl-CoA carboxylase subunit A for the six depth zones at each station. The amoA gene fragments were amplified with Arch-amoAF/Arch-amoAR (13) , and the accA gene fragments were amplified with Cren529F/Cren981R (59), except that the nested PCR strategy was employed when few positive PCR products were obtained from the euphotic samples. Subsequently, purified PCR products were ligated into the pMD18-T vector (TaKaRa) and then transformed into competent Escherichia coli DH5␣ cells (TaKaRa). Positive clones were screened by using PCR reamplification with vector primers M-13F and M-13R and selected for sequencing by using an ABI 3730 XL sequencer (Applied Biosystems).
Phylogenetic analysis and ecotype simulation. The crenarchaeal amoA and accA gene sequences, along with their closest relatives retrieved from GenBank, were imported into ARB (37) . The sequences were first translated and aligned by using Clustal W in ARB, and the nucleotides were then realigned according to their protein alignments. Ambiguously and incorrectly aligned positions were corrected manually by using the ARB-edit tool. The sequence base frequency filters were used to exclude ambiguous positions and columns containing gaps. The Bayesian tree was generated by using the MrBayes v. 3.1.2 program (47) and the following parameters: the general time reversal model of evolution with gamma-invariable-distributed rate, the number of chains set to 6, and the temperature set to 0.1. Five Markov chains in parallel were run with 5,000,000 generations and sampled every 100 generations (the first 7,500 to 10,000 "burnin" trees were excluded from the consensus tree). Tree topologies were also evaluated with the neighbor-joining and maximum parsimony methods by using PAUP*4.0 (53) .
Ecotype simulation analyses were performed by using AdaptML software (27) . Since Bayesian trees constructed with archaeal amoA or accA gene sequences contained several multifurcation nodes, maximum likelihood trees constructed by using RAxML v7.0.4 (52) were used as inputs for AdaptML analyses with default parameters.
Statistical analysis. Operational taxonomic units (OTUs) for clone library analyses were defined by using the furthest-neighbor algorithm in DOTUR (50) and a cutoff of Յ5% as described in previous studies (4, 13, 25) . Rarefaction, the nonparametric richness estimator Chao1, the Shannon diversity index, and Simpson's index were also calculated by using DOTUR. The coverage of each clone library was calculated as coverage (C) ϭ 1 Ϫ (n/N) ϫ 100, where n is the number of unique clones detected in the sample and N is the total number of clones analyzed (19) .
Community classification of the crenarchaeal assemblages for both the amoA and accA genes was determined by using phylogeny-based weighted UniFrac environmental clustering (36) or ecotype-abundance-based clustering analyses. Analyses of similarity (ANOSIM) were performed to verify the significance of microbial community structures from different groups or stations. The significance of the correlations between two distance matrices or between microbial community structures and environmental variables was tested with the Mantel test. Analyses were performed with the PAST v1.92 program (23) . Since a normality of distribution of the individual data sets was not always met, nonparametric statistical analyses were performed by using SPSS v13.0 (SPSS, Inc., Chicago, IL).
Nucleotide sequence accession numbers. Sequences reported in this study have been deposited in the GenBank database under accession numbers GU181423 to GU181799 (crenarchaeal amoA genes), GU195200 to GU195605 (crenarchaeal accA genes), and GU195606 to GU195629 (bacterial accA genes).
RESULTS
The main hydrographic characteristics of the two stations investigated in this study are summarized in Table 1 . The temperature was significantly higher but the t was significantly lower at station 712 than at station 608, while the salinity values were not significantly different between the two stations. As indicated by the t , the MLD was slightly greater at station 712 (ϳ75 m) than at station 608 (ϳ50 m) ( Table 1) . At both stations, the temperature showed a strong decrease with increasing depth from the MLD, whereas salinity had constant values ( Table 1) . As seen from the MODIS euphotic zone depth data for November 2007, the euphotic depth at station 608 was around 84 m, whereas the euphotic depth at station 712 was slightly greater, at ϳ106 m.
Quantification of 16S rRNA, amoA, and accA genes of pelagic Crenarchaeota. Archaeal 16S rRNA gene abundances ranged from 1.41 ϫ 10 2 to 3.72 ϫ 10 4 copies ng DNA Ϫ1 within the euphotic zone at the two stations (Fig. 2) . Depth profiles of MGI 16S rRNA gene abundance ranging from 3.3 ϫ 10 1 to 1.38 ϫ 10 4 copies ng DNA Ϫ1 were similar to those of archaeal 16S rRNA genes (Fig. 2) . The MGI 16S rRNA gene abundance was significantly correlated with the archaeal 16S rRNA gene abundance (R 2 ϭ 0.86; P Ͻ 0.001). Furthermore, qPCR analysis showed that MGI dominated in the archaeal community below the euphotic zone, with an averaged relative abundance of 57.2% of the total.
The crenarchaeal amoA gene abundance increased from near the detection limit in the surface waters to a maximum of 2.44 ϫ 10 4 copies ng DNA Ϫ1 in the upper mesopelagic zones of both stations (Fig. 2) . A linear regression analysis indicated that the crenarchaeal amoA and MGI 16S rRNA genes were significantly correlated with each other (R 2 ϭ 0.83; P Ͻ 0.001). The abundance of the amoA gene of ␤-AOB was below the detection limits in all samples.
The abundance of the crenarchaeal accA gene was almost always below the detection limit within the euphotic zones but then increased with depth to maximal values at a depth of 300 m at both stations (Fig. 2) . The abundance ratios of the crenarchaeal accA gene to the MGI 16S rRNA gene or to the crenarchaeal amoA gene increased with depth, and the peak ratios occurred in the upper mesopelagic zone (Fig. 3) . Community structure of bacterial and crenarchaeal 16S rRNA genes. The T-RFLP pattern of the bacterial communities revealed a total of 134 T-RFs at the 16S rRNA gene level. The number of T-RFs showed no depth-related pattern at both stations (data not shown). In contrast, ANOSIM showed distinct site-or water mass-specific bacterial communities between the two stations (P Ͻ 0.05). Furthermore, the cluster analysis demonstrated that the bacterial communities at station 608 were stratified in the water column, but most samples from station 712 clustered together and did not show a depthrelated pattern (Fig. 4a) . Mantel tests indicated that the bacterial communities at station 608 were strongly influenced by depth, temperature, and t (r Ͼ 0.5; P Ͻ 0.001), while this influence at station 712 was not obviously seen (P Ͼ 0.1).
Crenarchaeal community structures at both stations were characterized on the basis of the 16S rRNA gene by using DGGE. The number of DGGE bands detected ranged from 1 to 14 per sample (see Fig. S1 in the supplemental material). There were relatively lower band numbers in the euphotic zone (Յ100 m) than in greater depths at both stations (P Ͻ 0.05 by Mann-Whitney test) (Fig. S1 ), resulting in depth-related variations. Cluster analysis demonstrated a general depth-stratified pattern for the crenarchaeal communities at both stations ( Fig. 4b) : a deep clade (Ն150 m) and a euphotic zone cluster (Յ100 m). Moreover, the deep clade could be further divided into two subclades (Fig. 4b) closely related to water depth, temperature, and t (r Ͼ 0.4; P Ͻ 0.001). In contrast, homogeneous crenarchaeal communities were observed at both stations (P Ͼ 0.5 by ANOSIM).
Diversity and phylogeny of crenarchaeal amoA and accA genes. To assess the evolutionary divergence and restricted distribution of MGI ecotypes along the water column, samples from six depths from each station were chosen, based on the above-described DGGE profiles, to construct clone libraries of the crenarchaeal amoA and accA genes. In total, 377 amoA and 406 accA gene sequences were obtained (Table 2) . These sequences contained 31 unique amoA OTUs and 53 unique accA OTUs based on a 5% cutoff value at the DNA level. The numbers of OTUs per sample varied between 2 and 15 for amoA and between 3 and 17 for accA ( Table 2) . The values of library coverage ranged from 83.7 to 100% for amoA and 82 to 97.4% for accA. The diversity of amoA varied at both stations: clone libraries below the euphotic zones (Ն150 m) had a higher level of diversity than did those recovered from the shallower depths (Յ100 m), as indicated by the Shannon, reciprocal Simpson's, and Chao1 diversity indices (P Ͻ 0.01 by Mann-Whitney test) ( Table 2 ). In contrast, there were no significant differences in accA diversity between the euphotic zone samples and those from greater depths (P Ͼ 0.1 by MannWhitney test) ( Table 2) . Overall, the numbers of OTUs and the Shannon and Chao1 richnesses of accA were generally higher than those of amoA, with three exceptions: at stations at depths of 608 to 400 m, 712 to 150 m, and 712 to 400 m. Phylogenetic analyses demonstrated that all sequences of both genes were affiliated with the two primary marine clusters described previously, the "shallow group" and the "deep group" (1, 25, 60) (see Fig. S2 in the supplemental material), indicating that there was a high level of phylogenetic congruence between the crenarchaeal amoA and accA genes. The shallow group for both genes contained sequences derived exclusively from epipelagic water (Յ200 m) (Fig. S2 ), but their relative abundances decreased with increasing depth (Fig. 5) . Accordingly, the deep group for both genes appeared near the base of the euphotic zone (150 m for amoA genes and 75 m for accA genes), and the relative abundance of this group increased with depth (Fig. 5) .
Ecotype simulation and community classification of crenarchaeal amoA and accA. The UniFrac significance and P-test significance analyses indicated that there was a nonrandom clustering of the community structures of crenarchaeal amoA and accA across the sampling depths at both stations (P Ͻ 0.001). We therefore demarcated ecotypes using the AdaptML model, with the sampling depths and sites as habitat source inputs. AdaptML identified 10 amoA ecotypes and 10 accA ecotypes, both of which were clearly associated with sampling depth but not with sampling site (Fig. 6a and b) . Noticeably, some amoA and accA ecotypes (8 out of 10 ecotypes) had similar depth-related variations ( Fig. 6c and d) . For example, the relative abundances of amoA-E1/accA-E1 and amoA-E2/ accA-E2 generally decreased with increasing depth, while the abundances of amoA-E5/accA-E5 and amoA-E6/accA-E6 increased from the surface to the bottom of the euphotic zone (ϳ100 m). On the other hand, amoA-E7/accA-E7 and amoA-E8/accA-E8 appeared near the bottom of the euphotic zone and showed an opposite trend. Both amoA-E9/accA-E9 and amoA-E10/accA-E10 thrived in the mesopelagic zone. These results supported the phylogenetic congruence between the amoA and accA genes, implying that most pelagic Crenarchaeota adapt to the changing environments along the vertical dimension of the water column.
Both phylogeny-and ecotype-based cluster analyses demonstrated almost identical depth-related patterns for the amoA and accA genes (Fig. 7) . Generally, the community structures of both genes could be divided into three major clusters ( Fig.  7) : a euphotic zone cluster (Յ100 m), a deep epipelagic cluster (150 m and 200 m), and a mesopelagic cluster (400 m). Mantel tests verified that there were significant correlations among these clusters (r Ͼ 0.5; P Ͻ 0.001).
DISCUSSION
Spatial distribution of MGI in the ECS. The spatial dynamics of pelagic microbial populations is a central concern in microbial oceanography (14) . Several recent studies indicate that ocean water masses play an important role in shaping the community structures and distribution patterns of plegia bacteria (2, 17, 22, 63) and archaea (1, 16, 30) . The results of the present study did verify the recognition with bacterial data from the two investigation stations with heterogeneity in hydrographic characteristics. However, our archaeal data, including those from crenarchaeal 16S rRNA gene-based DGGE analysis ( Fig. 4b and see Fig. S1 in the supplemental material) and amoA and accA gene-based clone library analyses ( Fig. 7a  and b) , showed highly similar crenarchaeal communities at both investigation stations. The case of archaea is unexpected but consistent with some previous studies showing that communities of pelagic archaea from similar water depths appear to be similar in structure regardless of geographic location (25, 35, 61) . The observed distinct bacterial communities and similar archaeal communities between the two hydrological sites suggest different controlling mechanisms for bacteria and archaea in spatial dynamics, which is of great interest for future studies.
Niche partitioning of MGI in the upper ocean of the ECS. As shown by the DGGE profiles of 16S rRNA genes showing that depth-stratified MGI populations inhabited both stations, archaeal communities are less variable in geographic dimension but more variable along the water depth. The functional gene-based clone library analyses revealed that the crenarchaeal amoA and accA genes diverged into two lineages (shallow and deep groups) associated with different water layers (epipelagia versus mesopelagia) ( observed previously for other ocean regions (5, 40, 42, 60) . In the central California Current, members of the "deep group" are strongly associated with deepwater transportation but are less active than their shallow-water-adapted counterparts, providing evidence that these two independent MGI groups indeed represent shallow-and deep-water-adapted "ecotypes" (48) . In the present work, we applied AdaptML modeling and found 10 ecotypes for the amoA and accA genes, while only two general lineages were demarcated based on common phylogenetic analyses (Fig. 6) . Definition of ecotypes with higher resolution would provide new insights into the evolutionary mechanisms of MGI speciation. More interestingly, although the accA gene abundance was extremely low in the epipelagic zone, 8 out of 10 ecotypes of both genes had similar depthrelated distribution patterns ( Fig. 6 and 7c and d) . This finding suggested that MGI functional groups containing amoA and accA underwent a similar ecological adaptation and evolutionary history. This conclusion is further supported by the almost consistent clustering network observation based on phylogenetic branch length or ecotype abundance (Fig. 7) .
Although the mechanisms of the niche partitioning of MGI with depth remain unknown, light and oxygen have been proposed to play a significant role in structuring of communities of ammonia-oxidizing crenarchaea in the ocean (42, 43) . In the present study, the ecotypes of MGI in the oxygenated upper ocean of the ECS had a strongly restricted distribution with depths where the light intensity was attenuated across the water column, suggesting that light might have been a potential key factor resulting in this depth-related phylogenetic partitioning of MGI. However, it was impossible to exclude the effects of other environmental gradients existing in the water column, such as dissolved organic matter (DOM) and pressure. Further studies are needed to establish a certain relationship between environmental variables and crenarchaeal ecotypes.
Ecological roles of MGI in the ocean. The qPCR assays indicated an amoA-to-16S rRNA gene ratio close to 2 at both stations, which is within the reference ranges reported previously for other regions of the Pacific Ocean (5, 8, 25, 48) . Numerous studies have demonstrated that crenarchaeal amoA genes are more abundant than those of AOB in various open oceans (5, 10, 48, 58) . In agreement with the results of those studies, our data suggest that ammonia-oxidizing archaea outcompete AOB in the open region of the study sites, which might be explained by the conspicuous adaptability of MGI to low concentrations of ammonia (38) . It was suggested previously that meso-and bathypelagic Crenarchaeota may lack the amoA gene, given the low ratios of amoA to 16S rRNA genes, and therefore are heterotrophic (1, 10) . This conclusion remains debatable due to the less comprehensive primers used in those studies (8, 33, 60) . In this study, besides the amoA genes, we quantified the abundance of accA genes, one of the key genes in the 3-hydroxypropionate/4-hydroxybutyrate pathway of mesophilic Crenarchaeota. Our results indicated that crenarchaeal accA genes were almost absent in the euphotic zone but were more abundant below the euphotic zone. The scarcity of crenarchaeal accA genes in the euphotic zone raised the possibility that epipelagic Crenarchaeota may rely on chemolithoheterotrophy and play a minor role in dissolved inorganic carbon fixation. However, a ratio of 1 amoA gene copy to 1 accA gene copy was found previously in the metagenomic data set recovered from surface water of the Sargasso Sea (21) . One possible explanation for this discrepancy is that some accA genes of epipelagic Crenarchaeota might have been missed in our qPCR assays, since the primers commonly used were designed based on only a few available sequences (25) . In contrast, in the upper mesopelagic zone, the ratios of crenarchaeal accA to MGI 16S rRNA genes or to crenarchaeal amoA genes were close to 1, which was in agreement with our previous investigation in the South China Sea (25) . This finding suggested that ammonia oxidization may be an important energy source for autotrophic CO 2 fixation by MGI in deep waters (1, 24) . Such chemoautotrophy can reduce the respiratory consumption of DOM and further provide fresh DOM for other microbial carbon demands. An earlier study revealed that CO 2 fixation by marine Crenarchaeota can meet the substantial carbon demand of the deep-sea microbial food web (46) . A portion of such fresh DOM could ultimately be transformed into recalcitrant DOM through the microbial carbon pump contributing ocean carbon sequestration (28) . The increasing ratio of crenarchaeal accA to amoA or to MGI 16S rRNA genes from the euphotic zone to the mesopelagic zone suggests that MGI could play a more important role in the dark ocean. The recognition of such a function of archaea at taxonomic-and functional-group levels would shed light on the mechanisms of carbon cycling in the ocean. A comprehensive view of the archaeal community structure and its ecological functioning is to be acquired through multiple approaches, including metagenomics, proteomics, and metabolomics, in the future.
